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B. C.  Allen, D. J.  Maykuth, and E. I. Jaf fee  

ABSTRACT 

/ 7 2 /  3 

Wrought unalloyed iodide chrcmium, ccntaining 39 t c  35 par t s  

per mill ion tctal  i n t e r s t i t i a l s ,  hPs a t ens i l e  t r ans i t i on  temperature 

cf -15 C. Recrystall izing a t  1 1 L C  C causes the t rans i t ion  t c  rise t c  

90-3FC Cy depending on the  purity, grain s ize ,  and cooling r a t e  a f t e r  

annealing . 
A t  about the le0 ppm level, individual additions of carbcn 

o r  nitrogen raise the  t rans i t ion  of both wrought and r e c r y s t d l i z e d  

chromium by a s  much as 210 C, while oxygen has a lesser ef fec t ,  and 

su l fur  essent ia l ly  no e f fec t .  High t r ans i t i on  terperatures  are  

exhibited by recrystal l ized and quenched chrcmium, and appear t c  be 

associated with the aatount and d is t r ibu t icn  of i n t e r s t i t i a l s .  The 

latter can be e i the r  i n  so l id  solution o r  i n  the  fcrm of prec ip i ta tes  

within the grains o r  at the grain boundaries. 

chromium is primarily caused by nitrogen. The herdness, r ec rys t a l l i -  

zation, and grain growth behavicr of chrcmium with and w i t h c u t  

impurity additions were a1 so investigated. 

Quench hardening i n  



THE EFFECT CF IMPURITIES AND S T R U C m  ON THE 
TENSILE TRANSITION TEMPERATURE OF CHROMIUM 

B. C. Allen, D. J .  hykuth,  and R. I. Jaffee* 

Introduction 

Because of low density and good oxidation resistance,  

chromium-base al loys are potent ia l ly  useful f c r  elewted-temperature 

applications.  

applications is its l a c k  of low-temperature ducti l- i ty,  especially i n  

the recrystal l ized condition. 

d u c t i l i t y  of chromium is sensi t ive t o  puri ty .  

The main deterrent t o  the use of  chromium i n  s t ruc tura l  

Accumulated evidence has shcwn tha t  the  

The objective o €  the  current study was t c  determine the 

e f f ec t  c f  comnDn nonmetallic impurities cn the  t ens i l e  prcpert ies  of  

high puri ty  ChrGdUm. 

gen, and sulfur  additions on the duct i le- tc--br i t t le  t r ans i t i on  were 

evaluated f c r  wrought and recrystel l ized material  Efter varicus cool- 

ing ra tes .  

The separate e f f ec t s  c . f  carbon, oxygen, n i t r c -  

Experiment a1 Work 

Unalloyed iodide chromium and seven impurity alloys contain- 

ing individual carbon, oxygen, nitrogen, o r  sulfur additions were pre- 

pared i n  rod Ecmn. Nominal additions were 1OG ppm carbcn, nitrogen, 

*B. C. Allen, Member AIME, i s  Senior Fe ta l lurg is t ,  Metal Science Grcup. 
D. J. Maykuth, Member AIME, is Assistant Division Chief, Nonferrous 

R. I. Jaffee,  Member AfME, is Associate Pmnager, Department of 
Metallurgy. 

Vetallurgp, Bat te l le  f;emcrial Ins t i t u t e ,  Colur+us, Ohio, 
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and sulfur ,  and 100-5C3 ppm oxygen. 

of t en  greater than the residual amounts i n  t he  unalloyed material .  The 

seven al loys and two unalloyed compositions were consolidated in to  four- 

pound ingots by conventional consumable arc melting of pressed and welded 

electrodes under 0.5 atmosphere of helium. 

t o  the  electrode i n  the  form of crushed master alloys. 

a l loys  were double melted to improve homogeneity. 

down by extrusion at 1200 C i n  evacuated steel cans at a reduction r a t i o  

of 18:1, using a molten borosil icate g lass  lubricant and a ram speed of 

30 inches per minute. 

chromium core ground f ree  of surface undulations. 

sheathed i n  mild steel and -aged at  900 C u n t i l  the  core w a s  about l / 4  

inch i n  diameter. 

The additions were about a factor  

Impurity additions were made 

The impurity 

The ingots were broken 

The cans were removed by acid pickling, and the  

Cut lengths were 

Two additional 15-pound ingots of unalloyed chromium (ICr-3 ,  

XCr-4) were prepared by arc melting and broken down by 26:l extrusion at 

1250 C without a steel can. 

contamination by a coating of molten glass.  

then sheath swaged as described previously. 

The b i l l e t  w a s  lubricated and protected from 

The resul t ing extrusion was 

Representative chemical analyses of each of the  materials, 

a f t e r  removal of a 1O-mil surface layer are presented i n  Table 1. 

r e su l t s  indicate  t h i s  amount of surface cleanup was suf f ic ien t  t o  remove 

the  contaminated metal resul t ing from consolidation and fabrication. 

The impurity additions approximated the desired levels.  

The 

Miniature buttonhead tens i le  specimens were ground from the  

as-swaged rod according t o  the prof i le  i n  Figure 1. 

mens were annealed i n  argon-filled quartz capsules at 800 o r  1100 C, 

followed by an o i l  quench o r  furnace cool. 

Batches of speci- 

About 2.5 mils of surface 
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were removed by electropolishing in 1 O : l  acetic acid-perchloric acid a& 

5 aiup/in. 

oxygen, nitrogen, o r  s i l i con  pickup from annealing and quenching, 

2 
at SO C. Check analyses indicated essent ia l ly  no carbon, 

The t ens f l e  specimens were held i n  Inconel X grips  equipped 

with a loop-type extensometer. 

as elevated temperature tests on standard t e n s i l e  machines. 

temperatures were obtained with dry  icelnethyl  alcohol mixtures and 

elevated temperatures in air up t o  625 C by a resis tance furnace sur- 

rounding the speclmen. 

graphically. To avoid notch effects,  no gage marks were put on the  

specimens. 

over the entire reduced sect ion and shoulders, a small correction was  made 

t o  obtain elongations in the 0.5 inch gage section. 

C0.05 AB 88 determined experimentally on si:; wrought I C r - 1  specimens 

pulled at room temperature. 

head speed. 

The uni t  could be used for  low as well 

Subambient 

A l l  load-elongation curves were recorded auto- 

Since the extensometer readings gave elongations (AB, Figure 1) 

This correction was 

The s t r a i n  rate was estimated from cross- 

Results and Discussion 

Hardness 

The room-temperature hardness of chromium and the impurity 

a l loys w a s  determined i n  various stages of fabrication. 

of a l l  of these materials were i n  the  137-145 VHN range a f t e r  arc melting 

and changed insignif icant ly  t o  131-140 VHIJ a f t e r  extruding. Thus, a l l  

materials were essent ia l ly  i n  the annealed condition with the  hardness 

apparently unaffected by t he  impurity additions. 

The hardnesses 
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After swaging t o  an 80 per cent reduction i n  area, s ign i f icant  

differences i n  hardness were noted as indicated i n  Figure 2. 

unalloyed chromium had a hardness of 160-175 V", the  al loys containing 

oxygen and carbon 180-200 VtIN, and the al loys containing 25-145 ppm 

nitrogen 200-250 VRN. 

d i f f i c u l t  t o  swage and cracked severely. 

hardening at the swaging temperature of 900 C and was responsible for  

t h i s  behavior. 

The 

Furthermore, the al loys containing nitrogen were 

It appears that nitrogen caused 

The adverse effects  of nitrogen on fabr icabi l i ty  of 

chromium are i n  agreement with those reported by Wain, e t  al., (1) . 
Vacuum annealing the wrought material for  one hour up t o  900 C 

caused some recovery while annealing at 1000-1100 C followed by a cooling 

rate of about 100 C/min caused t h e  hardness t o  drop t o  the  130-140 MIN 

range. 

t o  125-130 VfIPs, approximating the hardness of the  s t a r t i n g  c rys t a l s  of 

As the  annealing temperature was ra ised t o  14OC C, the  values f e l l  

129 VENe 

On the basis  of reported hardening and reduction i n  d u c t i l i t y  

caused by quenching chromium (2*3,4) the e f f ec t  of cooling rate from 800 

and 1100 C on hardness was investigated. 

annealing temperature of 800 C resulted i n  only minor hardness changes 

which did not appear t o  be connected with composition. 

rates used i n  cooling from 1100 C t o  black heat were slow (3 C h i n ) ,  

moderate (100 C/min), and quench (>lo00 C/min). 

cooling rates from 1100 C had only a minor effect: on the hardness of 

unalloyed chromium and the impurity alloys.  However, quenching from 

1100 C caused s ignif icant  hardening i n  the  al loys containing over 15 ppm 

nitrogen, but not i n  those containing oxygen o r  carbon additions. 

behavior was also noted i n  nitrogen-dosed chromium containing up t o  

Quenching from the  recovery 

The estimated 

The slow and moderate 

This 



0 Unalloyed Cr (10-2) 
@ Unalloyed Cr (ICr-4) 
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360 ppm nitrogen a f t e r  quenching from 1100 C, and i n  rapidly cooled arc- 

cas t   button^'^). 
indicates  t ha t  the degree of quench hardening obtained can be correlated 

to  the  nitrogen content of the  chromium. These da ta  suggest tha t  

increasing nitrogen i n  amounts t o  about 30 ppm r e s u l t s  i n  a rapid 

increase i n  quenched hardness t o  a value around 158 V". 

additions i n  greater  amounts continue t o  raise the quenched hardness, 

though at a somewhat reduced rate.  

A l l  of these data are surmnarized i n  Figure 3, which 

Nitrogen 

The quench hardening caused by nitrogen i n  chromium can be 

rat ional ized i n  terms of i ts  dis t r ibut ion.  

nitrogen i n  slow-cooled chromium containing 145 ppm nitrogen is d i s t r i -  

buted i n  the  form of coarse grain boundary ni t r ides .  

quenched material, Figure 4b, i s  i n  a much f ine r  form, e i the r  i n  super- 

saturated so l id  solution and/or as a f ine  Widmanstatten precipi ta te .  

The latter form has been identified as  an etching e f f ec t  or  indications 

of dislocation decoration with nitrogen (* * 6, . 
t ha t  the hardening is primarily associated with nitrogen i n  so l id  solu- 

t i o n  since l i t t l e  second phase was observed i n  quenched al loys contain- 

ing 66 and 80 ppm nitrogen which had similar hardnesses. 

t he  curve of Figure 2 suggests a maximum of 30 ppm nitrogen i n  solut ion 

and the balance i n  precipi ta tes .  

available for diffusion, which caused the nitrogen t o  remain f inely 

dispersed and cause hardening. Since nitrogen so lub i l i t y  is highly 

temperature-dependent (7), nitrogen i n  the slow-cooled material 

apparently had t i m e  t o  di f fuse  and form a coarse grain boundary preci-  

p i t a t e ,  leaving very l i t t l e  (<lo ppm) i n  solut ion t o  cause hardening. 

As shown i n  Figure 4a, the  

Nitrogen i n  

Further evidence suggests 

The break i n  

On quenching there  w a s  l i t t l e  t i n e  
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a. Furnace Cooled @C/Min) 

b. Oil Quenched (>100b C/Min) 

FIGURE 4 .  LONGITUDINAL hUCROSTRUCTURES OF WROUGHT AND RECRYSTALLIZED 
' Cr-145 PPM N (N-1) 

10 pea cent oxalic acid-electrolytic etch. 
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Recrvstallizat ion 

The recrystallization behavior of chromium and impurity alloys 

with 80 per cent warm work at 900 C was investigated. 

Figure 2, all of the chromium alloys softened appreciably after annealing 

at 950 to 1050 C. Microstructures of these materials, illustrated in 

Figure 5, as well as back-reflection Laue X-ray analysis showed this 

eoftening to be associated with recrystallization. 

of the worked structure was associated with leveling out of the softening 

curve with increasing annealing temperature. 

As indicated in 

Complete elimination 

All the alloys except Cr-150 ppm carbon showed 10-90 per cent 

recrystallization after annealing one hour at 950 C, and essentially no 

residual work at 1000 C and above. Thus, the minimurn temperature for 

complete recrystallization in these materials was estimated at 975 C. 

In contrast, the 150 ppm carbon alloy exhibited a completely worked 

structure at lo00 C and a completely recrystallized one after annealing 

at 1050 C. 

oxygen, nitrogen, and sulfur have little effect on the recrystallization 

temperature of chromium, while carbon increases it slightly. The 60 8nd 

100 ppm iron levels in the unalloyed chromium samples did not appear to 

affect recrystallization behavior. At higher levels 5000 ppm iron plus 

3000 ppm nickel raise the recrystallization temperature of chromium by 

about 200 c'". 

The results indicate that at the levels investigated, 

It is of interest to note that the effects of interstitial 

impurities on the recrystallization temperature of chromium are similar 

to those observed in tungsten"). Again only carbon appears to exert a 

noticeable effect. 

14 
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a. 8OOC b. 950C 

c. 1000 C; Grain Diametcr: 0.031 mm d. 1400 C; Grain Diameter: 0 A83 mm 

FIGURE 5. LONGITUDINAL MICROSTRUCTURES OF WROUGHT AND ANNEALED UNALLOYED IODIDE 
CHROMIUM (ICr-2) 

10 per cent oxalic acid-electrolytic etch. 
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Grain Size 

Chromium and the  impurity alloy0 generally exhibited normal 

grain-size behavior. 

had au average grain diameter of 5 mp, t he  smaller 3 m, and the impurity 

a l loys 1-2 mn. 

equiaxed size of about 0.03 mn, which was essent ia l ly  the  same sige In 

the worked and 1100 C-recryetallized Werial .  

the purer unalluyed c h r d u m ,  ICr-3 and ICr-4, which apparently recovered 

somewhat during swaging at 900 C and gave a mixed recryetal l ized grain 

size of 0.08 113m along with some grains  as large a11 1 mm. The carbon- 

containing al loy had the smallest recrystal l ized grain sizes of about 

0.01 mm ae Indicated in Figwe 6. 

The larger arc-cast ingots of unalloyed chromium 

Extrusion reduced the grain s i ze  In al l  materials t o  an 

The only exceptions were 

Annealing between 1200 and 1400 C generally caused rapid grain 

growth. 

a redis t r ibut ion of sulfur or solution of su l f ide  inclusions as the 

temperature was raised, thereby promoting accelerated growth. The grain 

s i z e  of Cr-145 ppa~ nitrogen alloy otayed essent ia l ly  constant at 0.045 nun 

and indicated an inhibi t ing effect  of nitrogen. 

The rate was highest for Cr-90 ppm eulfur,  possibly because of 

Transition Tempe ra turc  Behavior 
of Unalloyed Chromium 

Wrought and recovered unalloyed iodide chromium with 80 per 

cent warm work and <LOO ppm t o t a l  i n t e r s t i t i a l s  and a maximum of 10 ppm 

nitrogen sbwed appreciable room-temperature duc t i l i t y ,  i.e., about 80 

per cent reduction i n  area and 50 per cent elongation i n  1/2 inch at  a 

o t r a i a  rate of 2 per cent per minute. Ductilities at other  temperatures 

ranged from 0 t o  90 per cent reduction i n  area as indicared i n  Figure 7. 

4 
.t .' 
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With the  t rans i t ion  from duct i le  to b r i t t l e  behavior estimated a8 the  

temperature at which the  reduction i n  area decreased t o  one-half the 

maxinarm value, the  t rans i t ion  for wrought chromium was about -15 C. 

This result compares with bend transftion temperatures reported i n  the  

-23 t o  -75 C range at comparable strain rates (1,10) 

Duc t i l i t i e s  of wrought unalloyed chromium were measured under 

a variety of conditions indicated i n  Table 2 t o  determine t h e i r  e f fec ts  

on t r ans i t i on  temperature. Increasing the s t r a i n  rate from 2 t o  200 

per cent per minute had no s ignif icant  e f f ec t  on room-temperature ten- 

s i le  d u c t i l i t y  although the u l t ima te  strength was increased from 75 k s i  

to  84 ks i .  This insens i t iv i ty  of d u c t i l i t y  t o  a 100-fold change in 

s t r a i n  rate is consistent w i t h  published r e s u l t s  for  bend t rans i t ion  

behavior of s intered chromium. Also, var ia t ions i n  cooling rates from 

3 C/min t o  o i l  quenching a f t e r  recovering at 800 C had <40 C ef fec t  on 

the  t rans i t ion .  As-swaged chromium also had room-temperature duc t i l i ty .  

The d u c t i l i t y  of chromium specimens w a s  insensi t ive t o  surface removal 

by electropolishing as long as >l m i l  of surface including grinding 

marks were removed. Removal of C1 mil o r  roughening the  surface caused 

erratic embrittlcment and >40 C rise i n  t rans i t ion  temperature. Similar 

indications of t he  notch sens i t iv i ty  of chromium have been reported by 

others  with regard t o  t ens i l e  (12) and bend (1910s1*) duc t i l i t y .  

The t r ans i t i on  temperature results fo r  unalloyed chromium, 

ICr-2, ICr-3, and ICr-4, are presented i n  Table 3. As recovered, each 

of the  types gave the same t rans i t ion  of -15 C. There appeared no 

s igni f icant  e f f ec t  of varying carbon from 15-44 ppm, oxygen from 20-48 

ppm, or nftrogen from 2-12 ppm as associated with the fabricat ion 

sequence used. 
19 
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TABLE 3. EFFECT 01: PUIUTY AND STliUCTURE ON THE TENSILE TRANSITION TEMPERATURE 
OF IODIDC CIIllOMlUM 

--- 
Tensile Transition Tempfrailire, C -- 

Recrystallized 1 lloiir at  1100 C - Wrought and Recovery 
Annealed 1 Hour Furnace 

Impurity Contcnt, ppm at 800 C. Quenched Coolcd A V C I R ~ C  Grain 
Alloy C 0 N H S Fe  FurnaceCooled >lo00 C/Min 3 C/Llin Dianietcr, mm 

ICr-2 44 24 10 <0.7 9 60 - 15 ' 390 300 0.029 

ICr-3 35 48 12 0-5 -- 75 - 15 230 30 0.08 I 

0.08 ICr-4 15 20 2 1.8 -- -100 - 15 230 -- 
C-1  150 27 10 cO.7 13 '-50 153 600 470 0.013 

0-1 40 128 13 <0.6 11 -50 20 . 590 400 0.020 

0 - 2  54 545 12 1 9 -50 30 600 390 0.022 

N-3 48 62 66 0.8 -- - 100 160 490 290 0.025 

S-1 83 62 25 <0.8 90 -50 180 550 420 0.02G 
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The ef fec t  of recrystal l izat ion and cooling rate on the  t ran-  

Since traces of residual work great ly  lower the  s i t i o n  was determined. 

t r an1 it ion (ls1*), a conservative annealing temperature of 1100 c was 

chosen t o  insure complete recrystal l izat ion.  Recrystall izing caused a 

rise i n  t rans i t ion  frolp -15 to as high as 390 C. The axPount of the 

increase was  less for  furnace cooled than for  quenched material. The 

lowest t rans i t ion  found for recrystal l ized chromium, ICr-3, wa8 90 C (13) , 

combining the more favorable conditione of fewer grains  i n  the  cross  

section(14), and slow cooling rate. 

the  C150 C t ens i l e  t rans i t ion  reported by Weaver (”) on annealed chro- 

This t r ans i t i on  compares w e l l  with 

dum containing 5 ppm nitrogen, 120 ppm oxygen, and 3 ppm carbon, with 

a grain siee of 0.05 m. The low t rans i t ion  of ZCr-3 was apparently 

caused by localized yielding i n  grains  up t o  1 mn in diameter, sometimes 

occupying the e n t i r e  specimen cross section. Material of similar purity,  

ICr-2, and annealing treatment but with a uniform grain s i z e  of 0.03 opp 

(1000 grains t o  the  cross  section) was apparently insensi t ive t o  localized 

yielding and gave a higher t rans i t ion  of 300 C. 

One can apeculate why the wrought condition had a lower tran-  

F i r i t ,  it has a higher dis locat ion density and a be t t e r  proba- s i t i on .  

b i l i t y  of supplying unlocked dislocations for  deformat Ian. Second, the 

fibered s t ruc ture  is more conducive t o  d u c t i l i t y  because of the greater  

d i f f i c u l t y  in i n i t i a t i n g  fracture and propagating cleavage. 

Fractures in brit t le samples were almost completely t rans-  

granular, whereas severe dietor t ion of the  grains  took place i n  duc t i l e  

specimens . 
As indicated i n  Figures 8 and 9, y ie ld  points were observed 

in wrought and recrystallized chromium above the  t rans i t ion .  Their 
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presence and marked temperature dependence of yie ld  s t rength are indi- 

ca t ive  of dialocation interact ion with residual  impurities. 

tude of the  y ie ld  point decreased with increasing temperature and 

eventually disappeared about 200 C above the t ransi t ion.  

i n  recrys ta l l ieed  material were rharper than those i n  wrought. 

The magni- 

Yield points 

Effect of Purity on 
Transit ion Behavior 

The d u c t i l i t y  of f i ve  chromfum impurity a l loys containing 

carbon, oxygen, nitmgen, and sulfur additions followed a pat tern similar 

t o  that indicated for  the unalloyed chromium i n  Figure 7. The r e su l t s  

are summarized i n  terms of tens i le  t rans i t ions  ( to  within about 210 C) 

and are presented i n  Table 3 and Figure 10. 

e f f ec t  on t ransf t ion  caused by having under 100 grains  t o  the  specimen 

cross section(14), r e su l t s  for recrystal l ized I C r - 3  and ICr-4 are not 

indicated i n  Figure 10. The data presented r e fe r  t o  fine-grained 

chromium with gra in  s izes  averaging 0.01 t o  0.03 mp (1000 to  10,000 t o  

the  cross section). 

the t ransi t ion,  Figure 10 indicates t he  relat ionship between t rans i t ion ,  

purity,  and condition. 

s t i t i a l  content from 79 t o  150-200 ppm caused marked increases i n  t ran-  

s i t i o n  temperature, especially in  the recrystal l ized condition. As was 

the  case for  unalloyed chromium, the  recrystal l ized and quenched con- 

d i t i on  exhibited the highest t ransi t ions followed by the  recrystal l ized 

and slow-cooled and then wrought and recovered conditions. 

To eliminate the grain s i z e  

Since t h i s  range apparently had l i t t le  e f f ec t  on 

It is evident that an increase in t o t a l  in te r -  

I n  the  wrought condition, carbon and nitrogen raised the t ran-  

rrition more than did oxygen o r  sulfur.  Since oxysen has only a 10 ppm 
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so lub i l i t y  i n  chromium a t  1100 C(7), the  major portion was in the  form 

of a coarse oxide prec ip i ta te  at room temperature. 

from 128 t o  545 ppm apparently had l i t t l e  e f f ec t  on the t rans i t ion .  

Nitrogea(’l) and carbon (I6) are more soluble and would be expected t o  be 

more harmful t o  duc t i l i t y .  

temperature rise w a s  probably caused by the high residual  carbon, oxygen, 

and nitrogen whfch, together, amounted t o  a s igni f icant  t o t a l  of 170 ppm. 

Increasing oxygen 

I n  the su l fur  addition alloy, t he  t rans i t ion  

Since the  t rans i t ions  of the sulfur, carbon, and nitrogen alloys were 

within the range of 150-180 C, the e f f ec t  of su l fur  fs considered minor. 

It is worthy to  note tha t  &he impurity a l loys containing high carbon and 

nitrogen had the  highest as-wrought hardnesses and the  highest 

t r a n s i t  ions 

I n  the  recrystal l ized condition, i n t e r s t i t i a l  impurity 

additions raised the  t rans i t ion  of chromium by 90 t o  210 C. 

nitrogen again had the  greatest  e f f ec t  while tha t  of oHygen tended t o  

sa tu ra t e  probably below 128 ppm. 

su l fu r  appeared t o  have l i t t l e  effect .  

s i t i o n  f o u d  for  these four impurities are coneisteat  with l i t e r a t u r e  

r e su l t s .  A t  s imilar  levels, t h e  detrimental e f f ec t  of carbon 

Carbon and 

As was the  case i n  wrought chromium, 

The e f f e c t s  on t e n s i l e  t ran-  

(&lo, 17) 

and nitrogen(1’3a4*12sU’18’ and r e l a t ive ly  small e f f ec t  of 

oxygen (1s4s10s12) and s u l f d 4 )  on the  bend and t e n s i l e  d u c t i l i t y  of 

chromium have been reported. 

A s  w a s  the  case for  unalloyed chromium, quenching caused a 

higher t rans i t ion  i n  recrystal l ized material than did slow cooling. 

These and previous r e su l t s  suggest the  t rans i t ion  of chromium is not 

only dependent on the t o t a l  i n t e r s t i t i a l  content but a lso i ts  dis t r ibutfon.  
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Slow cooling with adequate time for diffusion can resu l t  in coarse 

precipitates which can form internal notches and raise the transition. 

On the other hand, quenching allows l i t t le  time for  diffusion. There- 

fore, at room temperature most of the i n t e r s t i t i a l s  soluble or present 

during anneaUng at 1100 C would be e i ther  in supersaturated sol id  

solution or i n  the form of fine precipitates. 

i n t e r s t i t i a l s  seems t o  be more harmful t o  duc t i l i t y  than one of coarse 

precipitates. 

545 ppm was insoluble at the  annealing temperature. 

s i t i ons  of both alloys were  similar, the massive tounded insoluble 

oxide phase apparently had l i t t l e  effect  on duct i l i ty .  

This dist r ibut ion of 

Most of the oxygen i n  the alloys containing 128 and 

Since the tran- 

Above the  transit ion,  yield points and h u h  d u c t i l i t i e s  were 

found i n  a l l  the impurity alloys and unalloyed chromium, as indicated 

Ln Table 4. 

s t r a i n  hardening exponent. 

had the lowest strengths and highest s t r a in  hardening. Evidence of 

discontinuous yielding was noted i n  the recrystall ized and quenched 

alloys and one unalloyed chromium specimen (ICr-2 tes ted at  400 C). 

This behavior is suggestive of s t ra in  wing which has been reported by 

The wrought condition had the highest strength and lowest 

The recrystallized 8low-cooled condition 

(15,19,20) others . 

2 



TABLE 4 .  TENSILE PROPERTIES OF CHROMIUM ABOVE THE TRANSITION TEMPERATURE 
AS AFFECTED BY PURITY AND HEAT TREATMENT 

- 
Ultimate Plastic 

. Uppcr Yield Lower Yield Tensile Elongation Reduction Susin- 
Temperature, Point, Poiut, Strength, in 1/2 Inch, in Area, Hanlrning 

Alloy C 1000 psi 1000 psi 1000 psi ' per ccnt per cent Exponcnt . 

Wrought, Rccovercd 1 Ilour at SO0 C. Furnace Cooled 

ICr-2 25 65.5 58.4 64.2 56.6 78. G 0. 12 
1Cr-2 200 43.9 43.0 47.6 36.0 90.2 0.07 
ICr -4 25 62.6 54.1 60.1 43. Y 68.4 0.08 
ICr-4 200 40.9 40.4 45.1 * 36.0 SG. 5 0.07 

C - 1  
0-i 
0-2 
N -3 
S - i  

200 64.2 63.5 63.5 24.0 82.8 0.03 
200 57.4 55.0 56.2 28. G 86.9 0.04 
200 51.0 49.9 52.5 32.2 78.4 0.08 
2 10 38.2 ' 38.2 42.1 2G. 6 86.3 0.07 
200 67.6 62.0 62.6 17.7 69.3 0.04 

Rccrystallizcd 1 lIour at  1100 C,  Oil Quenched 

ICr-2 500 31.8 27.5 44.6 49.8 93.3 0.30 
IC r -4 350 32.0 30.3 40.0 29.0 89.2 0.12 
c-1 G10 21.0 21.0 37.5 63. G 91.1 0.22 
0-1 GOO 31.2 . 26.7 40.9 55.6 91.3 0.23 
0 -2  600 29.7 25.3 38.7 ' 62.3 87.5 0.23 
N -3 500 46.8 32.1 59.1 35.6 88.5 0.33 
s-1 580 18.2 18.2 39.0 54.8 92.4 0.22 

Recrystallized 1 I-lour at 1100 C, Furnace Cooled 

ICr-2 400 32.7 19.2 30.4 72.4 95.3 0.41 
ICr-2 500 19.9 15.9 29.3 61.8 93.2 0.28 
IC r -4 230 23.4 14.9 29.4 41.6 90.0 0.28 

c -1 500 25.7 '22.9 34.7 52.6 92.9 0.23 
0-1 400 30.1 20.7 31.9 76.6 92.5 0.30 

N -3 400 15.4 14.1 31.1 52.0 86.8 0.24 I 

s -'1 450 . 16.3 14.2 35.7 * 59.8 69.8 0.28 

0 - 2  400 27.8 20.0 32.2 69.2 90.3 0.29 I , 

+ .  
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Conclusions 

(7) 

Nitrogen is  the  most effect ive i n t e r s t i t i a l  i n  quench hardening 

of chromium i n  the  investigated range of 10-360 ppm. 

The recrys ta l l iza t ion  temperature of chromium with 80 per cent 

warm work at 900 C is about 975 C .  Up t o  about 100 ppm oqrgen, 

nitrogen, and su l fur  have little e f f ec t  and carbon raises it by 

50 c. 

The t rans i t ion  temperature of wrought and recovered iodide 

chromium with 39 t o  95 ppm t o t a l  f n t e r s t i t i a l s  is -15 C. 

Recrystall izing at 1100 C causes the  t rans i t ion  to  rise t o  

90-390 C depending on the  grain size, purity, and cooling rate. 

A t  about the 100 ppm l eve l  carbon, oxygen, and nitrogen raise 

the t rans i t ion  of wrought chromium t o  20-180 C w h e r e a s  su l fur  

has almost no effect .  Increasing the  oxygen level t o  545 ppm 

has l i t t l e  additional effect .  

A t  about the 100 ppm leve l  carbon, oxygen, and nitrogen raise 

the  t rans i t ion  of r e c r y s t a l l i e d  chromium to 490-600 C. 

Additional oxygen up t o  545 ppm has l i t t l e  ef fec t .  

Recrystallized and quenched chromium has a higher t r ans i t i on  

than recrystal l ized and slaw-cooled material, presumably 

because of the  f ine r  dis t r ibut ion of i n t e r s t i t i a l s .  

Ductile chromium exhibi ts  yield points charac te r i s t ic  of 

dislocation interact ion w i t h  i n t e r s t i t i a l s .  
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